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Experimental results are presented for combined radiation and forced- 
convection heat transfer J^rair containing submicron carbon particles flowing 
in the annulus of a. transparent heat exchanger. The heat exchanger is 14 inches 
long; it is ccjmposed of two concentric quartz tubes, one 2 inches in diameter 
and the_^ttter 3 inches. The heat source is an electric arc contained within the 
innefrube and stabilized by the vortex-type flow of nitrogen gas. . 
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Characteristic 'current -voltage curves established for arc lengths of 18, 

28 inches are shown to be consistent with, and extend the range of, jn^vdxJus 
data. Measurements obtained for arc powers from 125 to 280 kilowatts show that 
the fraction of arc power released as radiation incr,earse§'from 12.5 percent to 
an apparent asymptote of about 20 percent. For arc power levels from 126 to 
167 kilowatts, an overall heat balancewrtliin ±10 percent was obtained by ac- 
counting for the nitrogen enthalpv>rise, convection, conduction, and radiation 
losses, and electrode cooling. 

The measured transmissivity of 0. (^Mnicron-diameter carbon particles gave 
an extinction cross section of 22,800 square centimeters per gram compared with 
121,000 square centimeters per gram estimated from Mie scattering theory. The 
fact that the present data are higher than previous measurements of 3030 square 
centimeters per gram is attributed to more effective particle dispersion. The 
seed-injection system used to disperse the particles in the air stream is de- 
scribed. 


Heat -exchanger performance is presented in terms of the fraction of total 
heat transfer to the seeded air that is due to absorption of radiant energy. 

For seeded gas absorptivities from 0.09 to 0.3, the radiative transfer fraction 
varied from 0.13 to 0.40. 

It is concluded that (l) a quartz-tube-contained electric arc is an effec- 
tive device for radiation heat-transfer studies and that (2) the addition of a 
small amount of solid particles to a flowing transparent gas can significantly 
increase the total heat transfer in a system where both forced convection and 
radiation heat sources are present. 

INTRODUCTION 

Early interest in radiation heat transfer was primarily associated with 
industrial applications, such as furnaces, and was thus mainly concerned with 
radiant interchange between solid surfaces and absorbing gases, such as carbon 
dioxide and water vapor. More recently, the advent of plasma generators, re- 
entry missiles, and gaseous nuclear rocket concepts has greatly increased in- 
terest in combined radiative and convective heat-transfer processes. Most of 
these applications give rise to analytically complex two-dimensional problems 
involving radiation, convection, and conduction heat transfer to absorbing and 
emitting gases. In general, this class of problems leads to a set of nonlinear 
integrodifferential equations that cannot be solved simply. 
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One-dimensional solutions have been obtained!; 2 ; 3 ; 4 f Qr a gray gas (i.e., 
one whose absorption coefficient is independent of both wavelength and temper- 
ature). Application of Monte Carlo statistical methods to nongray gas radiation 
has also been investigated for a stagnant gas. 5 A two-dimensional finite- 
difference solution of the exact integrodifferential equations has been obtained 
for a gray gas with conduction and gas flow between parallel flat plates 6 and 
through a circular pipe. 7 Reference 7 also includes the effect of internal heat 
generation in the absorbing gas. 


The analysis of reference 7 has been applied to a nuclear propulsion system 
wherein the energy is radiatively transferred from a fissioning gas to a non- 
transparent propellant flowing in a surrounding annulus. 6 In this particular 
application (nuclear propulsion) the "nontransparent" propellant is hydrogen, a 
gas normally transparent below about 15,000° R, that has been seeded with small 
particles, liquid droplets, or another gas. The nontransparent behavior of 
gases containing small particles is also of interest in combustion processes 
(flame emissivity) 5 and atmospheric attenuation of solar radiation. 

Though some experimental work has been reported on fluid-solid systems, 
there is little at conditions where radiation contributes significantly to the 
temperature rise of a flowing gas. Turbulent forced-convection heat transfer 
to a fluid-solid mixture has been studied! 6 as well as furnace heating of solid 
particles.!! The transmission properties of small particle clouds have been 
measured! 2 for a limited range of conditions, but theory remains the primary 
source of both optical! 3 ;!^ and fluid mechanical! 3 ;! 6 properties of gas-solid 
systems. 


The investigation described in this paper is one of a flowing transparent 
gas seeded with small particles and exposed to simultaneous conduction and radi- 
ation heat transfer. Since both the heat-transfer and optical characteristics 
of such a system are incompletely understood, the approach has been experimen- 
tal. From an experimental viewpoint, the principal consideration was one of the 
physical system. It had to provide a source of both radiation and conduction 
heating of the flowing gas-solid stream. These conditions do not exist in the 
usual heat transfer devices that involve flow over or between solid surfaces. 
Because of the temperature limitation imposed by the heated surface, essentially 
all of the energy transfer is by conduction regardless of the opacity of the 
fluid. 


The experimental device used in this study was a transparent heat exchanger 
composed of two concentric quartz cylinders. Air containing submicron carbon 
"dust" passed through the annular region and was heated by conduction from and 
radiation through the inner quartz tube. The heat source was an electric arc 
stabilized by the vortex-type flow of nitrogen gas within the inner tube. The 
primary objective was to utilize a heat exchanger that would provide a signifi- 
cant fraction of the total heat transfer in the form of radiation. In other 
words, the arc was not under study per se; the glass tube containing the arc 
was simply a source of radiant energy. Since this particular application of an 
electric arc was relatively unique, a certain degree of attention was necessar- 
ily directed to those arc characteristics relating to energy radiation. 

The overall purpose of this investigation, then, was twofold: First, it 

was desired to evaluate the characteristics and usefulness of an electric arc 
as a research device with which to study radiation heat transfer. The second 
goal was to obtain some experimental data on the relative increase of heat 
transfer caused by the addition of small solid particles to a rformally transpar- 
ent gas in a system where both forced convection and radiation are possible 
modes of heat transfer. 
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EXPERIMEKTAL APPARATUS 

Arc Source 

Figure 1 shows a schematic drawing of the experimental apparatus and most 
of the instrumentation employed in the investigation. With the exception of the 
power supply, the basic arc setup is the same as that described in reference 17. 

The arc is contained in a 54-millimeter (O.D.) quartz tube having a wall 
thickness of 4 millimeters. Tube lengths of 18 and 28 inches were used. The 
arc is maintained between fixed-upstream and movable-downstream water-cooled 
copper electrodes. The arc is stabilized by metered nitrogen gas that is intro- 
duced through a vortex generator at the fixed-electrode end. The nitrogen ex- 
hausts into an insulated collector where it is mixed with ambient air. The 
grounded downstream electrode is mounted on a movable carriage. The arc is ini- 
tiated by a pneumatic electric servosystem that drives the downstream electrode 
into the quartz tube until contact is made with the fixed electrode. Then the 
movable electrode is withdrawn to a position 2 inches beyond the end of the 
quartz tube. The entire starting sequence is accomplished in about 10 seconds. 

The variable-frequency alternating-current power supply available provided 
continuous variation of voltage from a minimum of 540 up to 6480 volts with an 
associated frequency of 1 cycle per second for each 54 volts. A maximum power 
of 7 megawatts was available at the limiting current of 1125 amperes. A bank of 
water-cooled stainless-steel tubing was used as a 1.6-ohm pure resistance in 
series with the arc to provide electrically stable operation. 

Transparent Heat Exchanger 

The parallel flow quartz heat exchanger is shown in figure 2. The outer 
quartz tube is 84 millimeters ( O.D. ) and the heat exchanger is 14 inches long. 
The nitrogen vortex generator can be seen on the left of the figure. The ex- 
haust gas collector normally surrounding the downstream electrode is not shown. 
Mounted behind the heat exchanger are thermocouples in contact with the outer 
quartz tube. Additional cooling air is provided by the three tubes running par- 
allel to the heat exchanger. 

Seeded air is introduced into the annulus of the heat exchanger through an 
entrance nozzle attached to the front of the vortex generator. The air flow is 
metered with a rotameter before the carbon particles are added to it. The mix- 
ture passes through the heat exchanger and is then exhausted to a vacuum system. 
The pressure in the heat exchanger was maintained at 1 atmosphere. 

Particle Injection System 

Commercially available particle-injection devices are designed to handle 
relatively large particles - 50 microns in diameter and larger - and did not 
perform satisfactorily with the submicron carbon dust employed in these tests. 

At best, they injected particle agglomerations and, at worst, did not function 
at all. For this reason, an injection system was designed specifically for the 
submicron particles used. 

Figure 3 is an electronphotomicrograph at a magnification of 130,800 of the 
carbon particles used in the tests. The particle indicated by the arrow is as- 
sumed to be representative of the average size; 0.027 micron in diameter. The 
larger clumps in the photo appear to be particle agglomerates rather than single 
particles. The fact that the particle images in the figure are circular sug- 
gests that the actual particles were spherical in shape. It is assumed then 
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that the particles used in the tests can he characterized as being 0.027-micron- 
diameter spheres. It should be pointed out that the condition of the particles 
shown is the result of electron microscope slide preparation procedure, and does 
not necessarily represent the degree of particle dispersion during the heat- 
exchanger tests. 

Basically, the seeding apparatus consisted of a cylindrical powder con- 
tainer that was fitted with a piston plunger at one end. The plunger was driven 
at a preselected constant rate by a motor-operated screw assembly. The other 
end of the cylinder was attached to a vortex generator. The particles were in- 
troduced into the air stream, and the mixture entered the vortex chamber through 
an adjustable -height injection-slit nozzle. The choked-flow nozzle subjected 
the particle-air mixture to a severe pressure gradient. The mixture then passed 
through the vortex cavity where the resulting aerodynamic shear forces tended 
additionally to break; up any remaining particle agglomerates. The particle-air 
mixture was exhausted through a centrally located hole in one face of the vortex 
chamber. The variable-height injection nozzle and variable plunger speed en- 
abled operation over a wide range of conditions. Subsequent analysis of experi- 
mental data indicated that the injection system did tend to break up particle 
agglomerates in the air stream. 

Instrumentation 


The primary measurements made during a test run were: 

(1) Air and nitrogen flow rates 

(2) Air and nitrogen inlet and outlet temperatures 

(3) Radiation intensity from arc 

(4) Particle injection rate 

(5) Arc voltage and current 

Air and nitrogen flow rates were measured with a rotameter and an orifice, 
respectively. The nitrogen exhaust mixture and the air outlet temperatures, for 
both seeded and unseeded rims, were measured with a high stagnation, aspirated, 
radiation-shielded thermocouple. Maximum temperature corrections, though not 
used in data reduction, for this type of thermocouple are 10° F for radiation 
and 20° F recovery correction at a Mach number of 0.4 and 3350° R. The arc ni- 
trogen outlet temperature was too high to be measured directly, so it was drawn 
into an insulated collector, along with some ambient air, and the lower temper- 
ature of the mixture was measured. The mass flow rate of the mixture was meas- 
ured with an orifice downstream of the exhaust collector. The nitrogen outlet 
temperature was then calculated from the known values of mixture flow rate and 
temperature, ambient temperature, and nitrogen flow rate. 

A thermopile radiation detector was used to measure the intensity of the 
emitted arc energy. It was mounted normal to the heat exchanger on a motor- 
driven assembly to permit both horizontal and vertical traverses. The detector 
was fitted with a glass tube 52 millimeters in diameter and 12 inches long to 
prevent stray radiation from influencing local readings. The inner surface of 
the tube was blackened, and there was a 1-inch-diameter opening in the exposed 
end. The thermopile output signal was recorded on a millivolt strip-chart re- 
corder, and, when traverses were made, on an X-Y plotter. 

The weight rate at which carbon particles were added to the air stream was 
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determined gravimetrically. The seed container was weighed before and after 
each run, and the time that the seed injector was operated was measured. A seed 
charge was of the order of 30 grams, and a typical injection time was between 
1 and 2 minutes. 

The electrical power delivered to the arc was determined from measured 
values of arc current and voltage. Actual measurements were made on the secon- 
daries of current and voltage transformers. Wave forms for a 24-cycle arc are 
shown in figure 4 as reproduced from traces on a dual-beam oscilloscope. The 
voltage shape is typically nonsine wave. The indicated voltmeter reading was 
checked for one run and found to be within 3 percent of the value given by a 
"true rms" meter. In addition, graphic integration of an instantaneous power 
curve obtained from the curves of figure 4 gave an average power within 5 per- 
cent of Epjjjg • I ms . So, it was considered to be satisfactorily within experi- 
mental error to obtain arc power directly from panel meter indications of volt- 
age and current. A similar conclusion was reached in reference 17. 

EXPERIMENTAL PROCEDURE 

During operation, the arc facility was controlled from an adjoining room, 
and all data were remotely indicated and recorded. The arc was visually ob- 
served through a window of l/4-inch-thick number eight welding glass. 

Prior to arc ignition, electrode and ballast cooling water, and nitrogen 
and heat -exchanger air flows were established. The automatic-electrode drive 
sequence inserted the downstream electrode and, after strike, withdrew it to a 
position 2 inches beyond the end of the inner quartz tube. The desired power 
level was obtained by adjusting the voltage from the power supply. All readings 
were first taken with no carbon particles in the air stream. After steady-state 
conditions were observed, the seed injector was turned on for about 1 to 2 min- 
utes. Figure 5 illustrates the time variation of primary measurements for a run 
and shows that steady-state conditions are rapidly achieved. 

DISCUSSION OF RESULTS 


Arc Characteristics 


Although the basic arc apparatus is essentially the same as the one de- 
scribed in reference 17, the power supply and series resistance were different. 
This resulted in operation at lower voltages and considerably higher currents. 
Thus, it was possible to extend the range of data on the characteristic voltage- 
current curve of a nitrogen-vortex stabilized arc (see fig. 6). The bulk of the 
data from reference 17 were obtained for an arc length of 33 inches. The two 
points for arc lengths of 28 and 18 inches were taken from figure 18 of refer- 
ence 17. The present data for arc lengths of 28 and 18 inches are consistent 
with, and extend the range of, the data of reference 17. 

The primary effect of increasing arc current and power is to increase the 
radiative power of the arc.-*-® For the nitrogen stabilized arc described in 
reference 17, measurements showed^® that as arc power increased from 50 to 100 
kilowatts, the percent of input energy released as radiation increased from 4.5 
to 10 percent (see fig. 7). The data of this report show that as arc power is 
further increased to 300 kilowatts, the percent of power radiated continues to 
increase up to an apparent asymptotic value of about 20 percent. Both the data 
of this report and that of reference 18 can be represented by a single line with 
a deviation of ±10 percent. 

The intensity of the emitted radiation was measured with a thermopile de- 
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tector located approximately 13 inches from the outer surface of the heat ex- 
changer. The detector was situated halfway down the length of the exchanger ; 
such a reading was assumed to he representative of the total radiation. An 
axial survey was made of the radiation intensity to check the validity of this 
assumption. Figure 8 shows that the radiation intensity is relatively indepen- 
dent of axial position over the length of the annular heat exchanger, for both 
seeded and unseeded air. The intensity increase beyond the exit end of the heat 
exchanger is caused by direct radiation from the arc. 

The electrical power delivered to the arc is dissipated by a number of 
mechanisms. As was shown in figure 7, about 10 to 20 percent of the input power 
is transmitted through the quartz tube as thermal radiation. Other modes of 
energy consumption are (l) electrode cooling losses, (2) energy carried out by 
the nitrogen discharging from the inner quartz tube, (3) conduction from the hot 
quartz surface to the air flowing in the annulus, and (4) free convection from 
the outer quartz tube to the environment. The distribution of arc power is 
shown in figure 19 for eight runs of increasing power level. The electrical 
power input is also shown for each run. A typical distribution of arc power is 
given in Table I for run 7. 


Table I. - Arc Power Distribution 


Nitrogen exhaust 

53 percent 

Radiation 

20 percent 

Electrodes 

19 percent 

Conduction 

7 percent 

Free convection 

1 percent 


Although more than half of the input power is carried away by the nitrogen 
required to stabilize the arc, a significant portion, 20 percent, is available 
as thermal radiation. For this run, the 20 percent represents 33 kilowatts. 

This total amount of radiation includes 6 kilowatts radiated from the arc beyond 
the end of the heat-exchanger annulus. The 27 kilowatts radiated within the 
heat exchanger results in a radiant heat flux at the surface of the inner quartz 
tube of 305 watts per square inch. The total heat flux from the inner tube, in- 
cluding conduction, was 436 watts per square inch. For comparison, a radiant 
heat flux from a blackbody at 3050° R is 305 watts per square inch. 

An overall heat balance on the arc can be obtained by comparing the total 
power accounted for with the input power. This is shown in figure 10; the heat 
balance is within ±10 percent. The largest source of error is introduced by the 
nitrogen exhaust temperature, a quantity that was not measured directly. The 
method of data reduction and the numerical calculations are given in the appen- 
dix for run 7. 

Extinction Cross Section of Carbon Particles 


The transmissivity, or ratio of transmitted to incident energy l/l Q , was 
obtained by measuring the radiation intensity from the arc with and without car- 
bon particles in the air stream. The variation of transmissivity with the 
product of particle density times path length is shown in figure 11. The solid 
line drawn through the data is between those given by (l) Mie scattering 
theory 13 and (2) previous measurements of carbon particles dispersed in water. !2 

The physical significance of the data shown in figure 11 can be interpreted 
more clearly in terms of the particle cross section. The equation of a straight 
line on the semilog coordinates of figure 11 can be written in the form 
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where p s is the particle density (gm/cm 3 ), l s is the path length through the 
particle system (cm), E is the extinction cross section per gram (cm 2 /g), and 
€ is the extinction coefficient (cm" 1 ). The extinction cross section per gram 
E is the slope of the lines shown in figure 11, and, in general, is a function 
of particle material and the ratio of particle size to radiation wavelength. 13 

The variation of the extinction cross section per particle e/N of carbon 
particles with particle size is shown in figure 12. Theoretical values* taken 
from references 13 and 14 are shown, as well as the geometric cross section. 

The data of this report are less than theoretical values but are considerably 
higher than the measurements of carbon particles dispersed in water. The rela- 
tive values of extinction cross sections per particle and per gram are summa- 
rized in Table II. 


Table II. - Extinction Cross Sections of 
0 . 02 7-Micron-Diameter Carbon Particles 


Source 

E, cm 2 /g 

e/N, cm 2 /particle 

Mie theory 
Present data 
Ref. 12 

121,000 

22,800 

3,030 

200X10 -14 

**38xl0 -14 

**5xl0 -14 


The fact that the present data are higher than previous measurements and 
closer to theoretical estimates is attributed to better particle separation. It 
is felt that the extinction cross section data indicate that the particle injec- 
tion system reduces particle agglomeration. Obviously, there are many factors 
involved in data such as these, but the conclusion seems justified* Further 
studies of particle size distribution, wavelength, and temperature effects are 
necessary to disclose whether complete particle separation exists. 

Heat Exchanger Performance 


The two parameters varied during the heat -exchanger tests were the arc 
power level and the carbon particle seeding density. Electrical power to the 
arc was varied from 126 to 167 kilowatts, with a corresponding range of heat 
transferred to the seeded air from 12.9 to 17.5 kilowatts. For all runs, the 
air flow rate was 0.095 pound per second. Carbon particle seeding density was 
varied from 5x10"® to 10.5x10"® gram per cubic centimeter; this corresponded to 
a weight percent in air from 1.17 to 2.43 percent. 

For each power level, the heat transferred to the air stream was measured 
first without and then with carbon particles in the air stream. The heat trans- 
ferred by radiation alone was obtained by subtracting the heat conducted to the 


The curve from reference 13 is the total extinction cross section, but for 
a 0.027-micron-diameter particle the scattering cross section is 1000 cm^/gm - 
less than 1 percent of the total. 

In order to present the data as an extinction cross section per particle, 
it is necessary to calculate the number of particles that were present; in this 
calculation, it is assumed that there was no agglomeration. An equivalent as- 
sumption is made in the calculation of the theoretical cross section per gram. 
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unseeded air from the total heat transferred to the seeded air. This assumption 
that conduction and radiation are independent and additive processes should in- 
troduce an error less than 9 percent.® 

The results are presented in terms of a radiative transfer fraction, or the 
fraction of total heat transfer that occurred by radiation, and the gas absorp- 
tivity, or fraction of incident radiation, that is absorbed. Figure 13 shows 
that for absorptivities from 0.09 to 0.3, the fraction of total heat transfer 
due to radiation increased linearly from 0.13 to approximately 0.4. It should 
be noted that even if the absorptivity were 1.0, the radiative transfer fraction 
would be less than 1.0, since some conduction heat transfer will always occur. 
For the conditions of run 7, for example, if all the radiated heat were absorbed 
by the air, the radiative transfer fraction would be 0.7. 

A more general presentation of the effect of seeding on heat transfer is 
given in figure 14, where the Nusselt number ratio, seeded to unseeded air, is 
shown as a function of the particle density. In terms of the radiative transfer 
fraction, the Nusselt number ratio is given by 


Nu' | 

( i \ 

1 

H 

i 

bd 

CO 

1 

Nu ~ 1 

H 

1 

|_(! - T B /Tg)’_ 


where T-g/Tg is 'the usual buhk-to-surface-temperature ratio, and the prime su- 
perscript indicates seeded air. The radiative transfer fraction q^/qjrp and the 
bulk, temperature are measured quantities. The surface temperature Tg of the 
inner glass tube was not measured but can be reasonably estimated to be near but 
less than its softening point. It was assumed to be at 2000° F. For run 7, an 
error of 10 percent in the assumed surface temperature changed the Nusselt num- 
ber ratio by less than 1.3 percent. Figure 14 shows that combined radiation- 
convection heat transfer to air seeded with less than 3 weight percent of carbon 
particles exceeds by about 65 percent that due to forced convection alone. 

CONCLUSIONS 

A heat-transfer experiment in a transparent heat exchanger constructed from 
two concentric quartz tubes was conducted. The heat source was an electric arc 
contained in the inner tube and stabilized by the vortex-type flow of nitrogen 
gas. Air flowing through the annular region was made absorptive to thermal 
radiation by the addition of submicron carbon particles. Measurements of the 
heat transfer to the air were made for air flowing with and without carbon par- 
ticles. For arc power levels from 126 to 167 kilowatts and carbon-particle 
seeding from 1 to 2.5 weight percent, the following conclusions were indicated: 

1. A quartz-tube-contained electric arc is a useful research device for 
radiation heat transfer studies. A radiation flux of 305 watts per square inch 
was obtained at the surface of a 54-millimeter-diameter tubej this is the radi- 
ant flux that would be emitted by a 3050° R blackbody surface. 

2. An extinction cross section of 22,800 square centimeters per gram is 
attainable with 0.027-micron-diameter carbon particles. This is less than the 
Mie theoretical value of 121,000 but greater than a previously measured value 
of 3030. The optical properties of a particle-gas system are strongly affected 
by particle agglomeration. The increase of the present data over the previous 
values is attributed to reduced particle agglomeration achieved by injecting the 
mixture through a choked-flow nozzle into a vortex chamber. 

3. The addition of a small weight fraction of solid particles to a flowing 
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transparent gas can significantly increase the total heat transfer in a system 
where both forced convection and radiation heat sources are present. For ex- 
ample, a 65 -percent increase in heat transfer was obtained by adding less than 
3 weight percent of carbon particles to an air stream flowing parallel to a 
quartz tube containing an electric arc. 
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APPENDIX - DATA REDUCTION 

The data for run 7 is used here to illustrate numerical procedures of data 

reduction. Table III lists all pertinent data for each run. 


Table III. - Reduced Data for All Runs 


Variable 

Run 

1 

2 

3 

4 

5 

6 

7 

8 

0-E 

24.3 

32 

33.2 

43.5 

25.5 

25.6 

28.2 

26.8 


8.4 

11.5 

11.5 

10 

10.6. 




^R,air 

4.5 

5.6 

1.8 

6.1 

5.3 

7.0 

5.5 

5.6 

^R,room 

11.2 

17.9 

17.5 

15 

20.2 

21 

21.1 

15.5 

q R,E 

3.4 

5 

4.1 

4.5 

5.5 

6 

5.7 

4.5 

% 

74.5 

68.3 

81.2 

90.2 

82.9 

81.6 

89 

83.4 

^CV 

1.1 

1.1 

1.1 

1.1 

1.1 

1.1 

1.1 

1.1 

2 kw 

127.4 

141.4 

150. 2 

170. 4 

151.1 

152.8 

161.7 

149.1 

E A , volts 

262 

252 

276 

280 

287 

287 

287 

283 

I A , amp 

481 

590 

546 

546 

568 

568 

568 

590 

P A , kw 

126 

149 

150 

163 

163 

163 

163 

167 


Arc Power 


The electrical power input to the arc was calculated from the meter read- 
ings of current and voltage: 


E a = 287 v 
Ia = 568 amp 


P A = 163 kw 
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Electrode Cooling 

Anode and cathode cooling losses were calculated from measured values of 
cooling water flow rates and temperature rises: 

Anode : 


!l = vc p (t 2 - t 1 ) = 1.19 X 1 X 10 = 11. 9 Btu/sec 

Cathode : 

q.g = 1.24 x 1 X 12 = 14.9 Btu/sec 
q. E = 28. 2 kw 

Conduction 

The heat transferred by conduction from the inner quartz tube was calcu- 
lated from the measured flow rate and temperature rise of the unseeded air 
stream: 

= 0.095 X 0.25 X (520 - 76) 
q^ = 11.1 kw 


Radiation From Arc 

The radiation absorbed by the seeded air stream was calculated from the 
measured flow rate and the increase in the outlet temperature resulting from the 
addition of carbon particles : 

^R, air = °- 095 x 0.25 x (740 - 520) 

<lR,air = 5.5 kw 

The radiant energy transmitted through the seeded air to the room was calculated 
from the heat absorbed by the air and the particle transmissivity calculated 
from the measured radiant intensity with and without seeding, R* and R re- 
spectively: 


l/l Q = fraction transmitted = R l /R = 1.15/1.45 
I - l/l 0 = fraction absorbed = 1 - 0.792 = 0.208 
q Rj room = 5 ' 5 x 0.792/0.208 = 21.1 kw 
The total radiation released within the heat exchanger is then: 

^R,HX = 26,6 kw 

Nitrogen Enthalpy Rise 

The nitrogen outlet temperature and enthalpy rise was calculated from the 
measured nitrogen flow rate and inlet temperature, and the flow rate and temper- 
ature of the nitrogen-air mixture entering the exhaust collector: 

w N = 0.0504 lb/sec tj L = 530° R c p ^ N = 0.3 Btu/lb-°F 
w mix = 0* 206 lb/sec t 1>air = 530° R W = 2120° R c p ^ air =0.245 
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A Heat-balance calculation on the nitrogen and air mixing process then gives : 

t N 2 = 6120° R 
q N = 89 kw 

The outlet nitrogen temperature thus obtained is an average exhaust temperature. 
The temperature of the central arc region is, of course, much higher. 

Arc Radiation Beyond End of Heat Exchanger 

The radiation emitted from the inner tube and exposed arc that extend be- 
yond the end of the heat exchanger was calculated by assuming the radiation per 
unit length of the arc to be constant. Thus, the additional 1 inch of quartz 
tube and 2 inches of bare arc radiate an additional: 

qR E = 26.6 X 3/l4 = 5.7 kw 

This gives the total radiation from the arc as: 

^R = ^HX + %E = 32,3 kw 
Free Convection From Heat Exchanger to Ambient Air 

The convection loss from the outer surface of the heat exchanger to the 
room was first estimated as free convection from a horizontal pipe in air 
(ref. 20, p. 241). For an outer surface temperature of 800° F and an air tem- 
perature of 76° F, this loss is 0.4 kilowatt. The actual convective heat loss 
was probably somewhat higher than this value due to air motion induced by the 
cooling tubes (see fig. 2). For an assumed air velocity of 10 feet per second, 
the heat loss calculated from data for air flow normal to single cylinders 
(ref. 20, p. 221) is 


q^y = 1.1 kw 

This was felt to be a more realistic estimate and was used as the convective 
loss for all rums. 
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Figure 1. - Experimental apparatus: Schematic drawing of arc and instrumentation. 
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Figure 3. - Electron photomicrograph of 
carbon particles. 130,800x . 



Figure 4. - Arc current-voltage cycle. Current, 
525 amperes, voltage, 483 volts; frequency, 24 
cycles per second; arc length, 18 inches. 
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Figure 5. - Heat exchanger transients. 
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Figure 6. - Arc current-voltage characteristics. 
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Figure 7. - Effect of power level on arc radiation. 



Figure 8. - Axial variation of arc radiant intensity. 



200 


160 


£ 

* 120 


-ffi 


O' 

UJ 

£ 

O 

CL 


80 


40 


i 


i 


i 


i 




3 4 


KJ 1 






I I 


MS 


6 7 8 

RUN 


■ FREE CONVECTION 
M CONDUCTION 
El RADIATION 

□ ELECTRODES 

□ NITROGEN EXHAUST 
ELECTRICAL POWER 

INPUT 


Figure 9. - Arc power distribution. 



ELECTRICAL INPUT POWER, Q E , KW 

Figure 10. - Heat balance. 
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Figure 13. - Effect of particle absorptivity on 
fraction of heat transferred as radiation. 
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Figure 14. - Effect of particle density on 
overall heat transfer . 


